Human mesenchymal stem cell (hMSC) resistance to the apoptotic effects of chemotherapeutic drugs has been of major interest, as these cells can confer this resistance to tumor microenvironments. However, the effects of internalized chemotherapeutics upon hMSCs remain largely unexplored. In this study, cellular viability and proliferation assays, combined with different biochemical approaches, were used to investigate the effects of Paclitaxel exposure upon hMSCs. Our results indicate that hMSCs are highly resistant to the cytotoxic effects of Paclitaxel treatment, even though there was no detectable expression of the efflux pump P-glycoprotein, the usual means by which a cell resists Paclitaxel treatment. Moreover, Paclitaxel treatment induces hMSCs to adopt a non-proliferative fibroblastic state, as evidenced by changes to morphology, cellular markers, and a reduction in differentiation potential that is not directly coupled to the cytoskeletal effects of Paclitaxel. Taken together, our results show that Paclitaxel treatment does not induce apoptosis in hMSCs, but does induce quiescence and phenotypic changes.
Introduction
Human adult mesenchymal stem cells (hMSCs) are a class of multi-potent cells that can readily differentiate into adipocytes, chondrocytes, and osteoblasts [1] . These cells have been of particular interest over the past decade due to their tissue regenerative potential. However, investigations have recently turned toward understanding the role hMSCs play in the development and progression of cancer. Tumor microenvironments often produce a number of chemokines (e.g., CCL25, TGF-β) that can attract circulating hMSCs [2] [3] . Once inside the tumor, hMSCs attempt to "repair" these microenvironments, since they appear damaged in comparison to the surrounding normal tissue [4] [5] . Concurrent with these activities, numerous cross-talk interactions are thought to occur between tumor and stem cells, which can lead to cancer progression. Current literature has implicated hMSCs in the promotion of osteosarcoma and colorectal cancer, metastasis of breast cancers, as well as chemotherapeutic resistance [6] [7] [8] [9] [10] [11] .
One of the major hurdles in cancer treatment is the development of chemo-resistant cells within the tumor microenvironment, a trait known as multi-drug resistance (MDR) [12] . While the vast majority of research into chemotherapeutic resistance has focused on the cancer cells themselves, new research indicates that other cell types, particularly hMSCs, can act as "co-conspirators" within the tumor microenvironment, protecting cancer cells from treatment [13] [14] . Mesenchymal stem cells are inherently resistant to chemotherapeutics and can confer this resistance to a number of cancer cell types, including squamous cell carcinoma and triple negative breast cancer [15] [16] . A number of stem-cell-produced extracellular factors have been identified as having possible roles in promoting cancer cell chemotherapeutic resistance (e.g., Interleukin-8, platinum-induced fatty acids) [11, [16] [17] . However, little has been done to investigate the effects internalized chemotherapy drugs have upon hMSCs.
Paclitaxel is one of the most widely administered anticancer agents, and operates by binding to and stabilizing microtubules [18] . Paclitaxel treatment often leads to mitotic arrest, prevention of cell division, and eventually apoptosis [19] . In this study, we investigated the effects of Paclitaxel treatment upon hMSCs. We show that Paclitaxel does inhibit hMSC proliferation, but does not induce apoptosis. We also show that Paclitaxel treatment induces hMSCs to adopt a fibroblast-like phenotype, as evidenced by changes to distinguishing markers and morphology. Finally, we show that hMSCs do not produce detectable amounts of the ATP binding cassette (ABC) transmembrane pump P-glycoprotein, which has been previously suggested to be the source of Paclitaxel resistance in cancer cells by pumping out Paclitaxel [20] . As a result, it is proposed that apoptotic resistance may instead be related to cell cycle regulation.
Materials and Methods

Cell culture
Low passage human mesenchymal stem cells (hMSCs) were obtained from the Tulane Center for Gene Therapy (New Orleans, LA) and cultured in α-modified minimum essential medium (αMEM, Sigma-Aldrich, St. Louis, MO) supplemented with an L-glutamine/penicillin/streptomycin cocktail (Sigma) and 20% fetal bovine serum (FBS, GE Healthcare, Piscataway, NJ). Cells were plated for 24 hrs of recovery and maintained at 37°C in a humidified atmosphere containing 5% CO 2 . Cells were then trypsinized and seeded into either 6-well plates, 96-well plates, 10 cm dishes, or two-chamber glass slides depending on experiment. All experiments were initiated after reaching 70-80% confluence unless otherwise stated.
MTT cell proliferation assay
Half-maximal inhibitory concentration (IC 50 ) was determined using the metabolic dimethyl thiazolyl diphenyl tetrazolium salt (MTT) assay, which measures conversion of MTT into formazan by mitochondrial succinate dehydrogenase and other oxidoreductases. 500 cells/well were seeded into 96-well plates and allowed to reach 70-80% confluence. Serial dilutions of Paclitaxel, synthesized by Dr. Robert A. Holton's laboratory (Florida State University, Tallahassee, FL) [21] [22] , were then used to treat cells, with final concentrations ranging from 30-250,000 nM. After 72 hrs, MTT (M5655, Sigma) was added for a final concentration of 1 mg/ mL. Plates were incubated for 60 mins and then centrifuged. Supernatant was removed and 200 μL DMSO added to each well. After 6 mins of shaking, absorbance was measured in a Synergy HT plate reader (Biotek, Winooski, VT) at 600 nm.
Growth curve
6-well plates were seeded with 10,000 cells/well. After 24 hrs, cells were washed with phosphate buffered saline (PBS) and incubated for 24 hrs in FBS-free αMEM. Next, cells were incubated with complete αMEM for 24 hrs, then 0 hour plates were collected, fixed with 10% neutral buffered formalin for 1 hr, and stained with 5 μg/mL Hoechst 33342 (Sigma) for 5 mins. Remaining plates were then treated with either 0, 10, or 10,000 nM Paclitaxel. Plates were then collected, fixed, and stained every 24 hrs. After every time point was collected, plates were imaged with an epifluorescence capable Nikon TE2000-E2 Eclipse microscope. Quantification of stained nuclei per image with ImageJ (version 1.46c, National Institutes of Health, Bethesda, MD) was used to determine cell number and growth rates.
Viability assay
Human MSCs in 6-well plates were treated with media supplemented with Paclitaxel, 0--100,000 nM final concentration, and incubated for 72 hrs. Cells were then trypsinized, pelleted, and resuspended into 2 mL of αMEM. Samples of each suspension were diluted 1:1 with Trypan Blue (T8154, Sigma). Live (unstained) and dead (stained) cells were counted with a hemocytometer. To determine viability, live cell counts were divided by total cell counts for each condition.
Western blot
Human MSCs in 10 cm dishes were treated with 10 nM Paclitaxel for 12 days. Samples were collected every 72 hrs, trypsin treated, washed with cold PBS, and then pelleted via centrifugation. Protein lysates were generated using EDTA buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-ME, 10 mM EDTA). Protein lysates were resolved in NuPAGE 4-12% BisTris Gels (Life Technologies, Carlsbad, CA), transferred overnight onto PDVF membranes and probed against P-glycoprotein (SC-13131, Santa Cruz Biotechnology, Santa Cruz, CA). β-actin (A5316, Sigma) was used as a loading control. Cell lysate from the colorectal adenocarcinoma HTC-15 cell-line (CCL-225, ATCC, Manassas, VA) was generated similarly and used as a positive control.
Quantitative real-time PCR
Human MSCs in 10 cm dishes were treated with 10 nM Paclitaxel for 12 days with cells being collected on days 0, 6, and 12. Total RNA from each time point was isolated using RNA-Bee solvent (TEL-TEST Inc., Friendswood, TX) and the miRNeasy extraction kit (Qiagen, Valencia, CA). RNA was then re-suspended in nuclease free water, with concentrations being determined with a Nanodrop UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham, MA). Integrity was measured using a 2100 Bionanlyzer (Agilent Technologies Inc. Santa Clara, CA). 1 μg of RNA was used for cDNA synthesis using qScript cDNA SuperMix (Quanta Bioscience, Gaitherburg, MD). 100 ng/μL cDNA was used as template for quantitative PCR on a 7500 Fast Real Time PCR system (Life Technologies) using PerfeCTa SYBR Green SuperMix, Low Rox (Quanta Bioscience). Relative gene expression was determined via the 2^( -ΔΔCt) method [23] .
Primers were purchased from Integrated DNA Technologies (IDT, Coralville, IA) ( Table 1) .
Adipogenic differentiation
Human MSCs in Lab-Tek II 2-chamber culture slides (Nalgen Nunc, Rochester, NY) were induced to undergo adipogenesis in the presence of either 0, 10, or 10,000 nM Paclitaxel via the addition of 0.5 μM dexamethasone (Sigma), 0.5 μM isobutylmethylxanthine (IBMX; Sigma), and 50 μM indomethacin (Sigma) to the culture medium as described [24] . After 21 days of differentiation, hMSCs were washed with PBS and fixed with neutral buffered formalin for 1 hr. After fixation, cells were stained with 0.1 μg/mL Nile Red (Sigma) for 5 mins, washed with PBS, stained with 5 μg/mL Hoechst 33342 (Sigma) for 5 mins, washed again, and finally mounted with the SlowFade antifade reagent kit (Life Technologies). Cells were imaged via fluorescent microscopy and relative adipogenesis was determined with ImageJ by standardizing area of staining in each image to respective nuclei number and then normalizing against respective controls.
Immunocytochemistry
Microtubule bundling analysis via fluorescent microscopy was performed on hMSCs grown in 2-chamber culture slides and induced to undergo adipogenesis in the presence of either 0, 10, or 10,000 nM Paclitaxel. After 21 days, cells were fixed in PBS containing 10% formaldehyde and 3% sucrose for 10 mins. Cells were then washed with PBS and permeabilized with 2% Triton-X 100 in PBS for 5 mins. Cells were incubated with 1:1000 mouse anti-α tubulin antibody (T5168, Sigma) for 60 mins at 37°C, washed with PBS, incubated with 1:1000 fluorescein isothiocyanate (FITC) conjugated goat anti-mouse antibody (F4018, Sigma) for 60 mins at 37°C, then washed again with PBS. Finally, slides were mounted after nuclei staining and imaged via fluorescent microscopy.
Statistical analysis
Experiments described above were performed with at least three independent samples per data point. MTT, qRT-PCR, proliferation, and viability results are expressed as the mean ± standard deviation. Differentiation results are expressed as the mean ± standard error. Statistical analyses were performed with the least significant difference correction for one-way analysis of variance (ANOVA) for multiple comparisons, with statistically significant values defined as P < 0.05.
Results
Effect of Paclitaxel treatment upon proliferation and viability
To examine the effects Paclitaxel treatment has upon human mesenchymal stem cell (hMSC) proliferation and viability, we used the metabolic dimethyl thiazolyl diphenyl tetrazolium salt (MTT) assay. Since it has been described that hMSCs are relatively resistant to Paclitaxel [11] , cells were treated with a broad panel of Paclitaxel concentrations (30-250,000 nM) for 72 hrs, then treated with MTT and processed. Cell number was quantified by measuring absorbance at 600 nM. Fig 1A shows that upon treatment there was a uniform reduction in cell number when compared to control groups, even though there was no appreciable difference between treatment concentrations. To determine if the observed reduction was due to decreases in viability or proliferation, Trypan Blue exclusion and growth curve assays were performed. After 72 hrs of Paclitaxel treatment, no perceived difference in viability was observed up to 100,000 nM (Fig 1B) . However, when treated with either 10 or 10,000 nM Paclitaxel, there was a complete abatement in cellular proliferation when compared to controls (Fig 1C) . To investigate if the lack of proliferation was due to the cells becoming quiescent we examined expression of growth arrest specific factor 1 (GAS1). GAS1 is a key regulator of the cell cycle which halts division by blocking entry into S phase, inducing quiescence [25] . Cells were treated with the more physiologically relevant concentration of 10 nM Paclitaxel for 12 days with samples being collected at various time points. Quantitative RT-PCR was used to determine the change in GAS1 expression over time in response to Paclitaxel treatment. Fig 2 shows that upon treatment, there is a significant increase in GAS1 expression coinciding with the secession of proliferation, indicating that treated cells are becoming quiescent. These results indicate that the hMSCs are highly resistant to the apoptotic effects of paclitaxel treatment, even though there is a clear effect upon proliferation.
Adoption of fibroblast-like characteristics
Coinciding with the cessation of proliferation, there was a notable change to the morphology of hMSCs treated with Paclitaxel (Fig 3A) . Mesenchymal stem cells normally adopt a long spindle shape morphology when grown in vitro, however, within as little as 24 hrs after Paclitaxel treatment, cells began to adopt a flat, broad fibroblastic appearance. Consequently, we wanted to examine if Paclitaxel treatment was inducing the hMSCs to adopt a fibroblast phenotype. Based on the studies by Ishii et al. [26] , and Halfon et al. [27] , we investigated how Paclitaxel treatment modulated the expression of the fibroblast markers matrix metalloproteinase-1 (MMP-1), MMP-3, and CD9, and the hMSC markers integrin α11 (ITGA11), CD106, CD146, and CD166.
Human mesenchymal stem cells were treated with 10 nM Paclitaxel and expression levels of the target genes were measured on day 0, 6, and 12. The most noticeable change in expression occurred with MMP-1 and MMP-3, where both showed substantial increases in expression upon Paclitaxel treatment. CD106 also showed an increase in expression on day 12 of treatment. CD166 showed a 2-fold reduction in expression upon treatment with Paclitaxel. As for CD9, CD146, and ITGA11, expression differences were observed over the course of treatment, however not to a statistically significant degree (Fig 3B-3H ).
Adipogenic differentiation in the presence of Paclitaxel
Given the apparent effects Paclitaxel has upon hMSC proliferation and phenotype, we investigated what effect Paclitaxel treatment had upon the differentiation capacity of hMSCs. Mesenchymal stem cells were induced toward an adipogenic lineage for 21 days via the addition of dexamethasone, isobutylmethylxanthine (IBMX), and indomethacin to the culture medium, in the presence of either 0, 10, or 10,000 nM Paclitaxel. 10 and 10,000 nM were used to determine the extent that concentration affects adipogenesis. After 21 days, cells were stained with the lipophilic dye Nile Red. Area of staining, standardized to nuclei number, was used as a measure of adipogenesis (Fig 4A and 4B) . Our results show that when compared to cells treated with 0 nM Paclitaxel, there was about a 40% reduction in relative lipid accumulation in cells treated with either 10 or 10,000 nM Paclitaxel. Even though there was no perceived difference in lipid accumulation between treatment conditions, examination of hMSC microtubule structure revealed that cells were affected in a dose-dependent manner (Fig 4C) . At 10 nM Paclitaxel, microtubule bundling was observed, with increases in microtubule mass being observed at 10,000 nM Paclitaxel, hallmarks of Paclitaxel dose response [28] . Consequently, it appears that Paclitaxel's effect upon adipogenesis is not directly related to its effect upon microtubule stabilization.
Paclitaxel-binding transmembrane transporter P-glycoprotein is not expressed in hMSCs treated with Paclitaxel
The predominate means by which cancer cells resist Paclitaxel exposure is via up-regulation of the transmembrane transport protein ATP binding cassette B1 (ABCB1), also known as P- glycoprotein 1 (P-gp) [29] . To determine if mesenchymal stem cells also produced P-gp during Paclitaxel exposure, mesenchymal stem cells were treated with 10 nM Paclitaxel for 12 days with samples being collected every 72 hrs. Western blots were probed against P-gp (Fig 5) . No P-glycoprotein expression was detected at any time point during Paclitaxel treatment, indicating that hMSCs do not natively express P-gp, nor does treatment induce P-gp expression.
Discussion
Paclitaxel is a potent chemotherapeutic that operates as a microtubule stabilizing agent, preventing GDP-induced de-polymerization of microtubule structures [18] . This in turn reduces microtubule dynamics, inducing mitotic arrest and eventually apoptosis [19] . While the exact mechanism of apoptotic induction is still unknown, evidence suggests that chromosome missegregation may be involved [30] . Regardless, mesenchymal stem cells have been shown to be highly resistant to the cytotoxic effects of Paclitaxel and other chemotherapeutic agents [31] [32] and can confer this resistance to tumor microenvironments [3, 17] . While a major focus has been identifying extracellular factors relating to the conferring of resistance to the tumor microenvironment, hMSCs still internalize Paclitaxel upon treatment, as the lipophilic nature of the compound allows for easy diffusion across a cell membrane [33] [34] . Consequently, we investigated the effects exposure to Paclitaxel had upon the intracellular function and viability of hMSCs.
Our first goal was to determine the concentration of Paclitaxel needed to induce apoptosis within an hMSC. MTT assays were conducted, but no perceivable effective concentration could be determined. Consequently, we wanted to deduce if the observed uniform decrease in cell number was due to a decrease in viability or a decrease in proliferative rate. We found that Paclitaxel had only a minimal effect upon viability, even though both 10 and 10,000 nM Paclitaxel completely inhibited hMSC proliferation. We also found that expression of growth arrest specific factor 1 (GAS1), which can induce cells to enter G0 phase and become quiescent [25] , was up-regulated in treated hMSCs. Thus, it seems that the reductions in cell number observed in the MTT assay were due to cessation of proliferation via induction of quiescence in the treated cells, and that hMSCs are extremely resistant to the cytotoxic effects of Paclitaxel [35] .
Since it was observed that treatment with Paclitaxel prompted the hMSCs to transition from their typical long spindle shape to a broader fibroblastic appearance, we decided to determine if Paclitaxel treatment was not only preventing proliferation, but also inducing the hMSCs to Results show that the hMSCs do not natively express P-glycoprotein (P-gp), nor is expression induced by exposure to Paclitaxel. Positive control is cell lysate from the human colorectal adenocarcinoma cell line HCT-15, which constitutively expresses high levels of P-gp. β-actin was used as a loading control.
doi:10.1371/journal.pone.0128511.g005 become fibroblastic. Distinguishing hMSCs from fibroblasts has been one of the more difficult aspects of stem cell research. Both cell types are plastic-adherent, share many of the same CD markers, and fibroblasts have a limited ability to differentiate [36] . However, recent studies have identified a number of possible markers that can be used to distinguish the two cell types: matrix metalloproteinase-1 (MMP-1), MMP-3, integrin α11 (ITGA11), CD9, CD106, CD146, and CD166 [26] [27] . These markers were chosen because they were described as having a large difference in expression when comparing hMSCs to fibroblasts. We found that MMP-1, MMP-3, and CD106 all showed increased expression upon treatment with Paclitaxel, while CD166 expression was reduced upon treatment. Change in expression of CD9, CD146, and ITGA11 was not statistically significant. Increases of MMP-1 and MMP-3, and decreases of CD166 are consistent with the notion that the hMSCs are becoming fibroblastic [27] . The increase in CD106 expression and the lack of relevant change to CD9, CD146, and ITGA11 may be due to this investigation utilizing hMSCs induced towards a fibroblastic state, rather than lung or dermal derived fibroblasts as described in other studies [26] [27] . Our studies do indicate, however, that Paclitaxel treatment seems to be inducing a phenotypic change within the hMSCs.
One of the most important abilities of stem cells is the capacity to differentiate into other cell types. Since Paclitaxel does not appear to affect hMSC viability, we wanted to determine what effect Paclitaxel treatment had upon the differentiation of hMSCs. Since adipogenic differentiation of hMSCs is not dependent upon proliferation [37] , it was chosen to be the target lineage. To our surprise there was no Paclitaxel concentration dependence when it came to lipid accumulation, even though there was a clear effect upon the microtubule organization at the different Paclitaxel concentrations. At 10 nM, microtubule bundling was observed with over-accumulation of microtubules being seen at 10,000 nM, clear indicators of a Paclitaxel dose response [28] . Considering that treated hMSCs adopt a fibroblastic-like morphology independent of Paclitaxel concentration, it is possible that the reduced differentiation potential is due to phenotypic changes rather than cytoskeletal effects. This would provide further evidence that the hMSCs are becoming fibroblastic, since fibroblast populations do possess the ability to differentiate, but this ability is reduced when compared to hMSCs and is lost completely as the fibroblast cell populations mature [36, 38] .
Since Paclitaxel resistance in cancer cells is primarily attributed to its removal from cells by the transmembrane pump P-glycoprotein (P-gp), we wanted to determine if P-gp was also involved in the promotion of hMSC Paclitaxel resistance. Normally, hMSCs do not express P-gp [39] , even though reports have indicated that hMSCs can remove internalized paclitaxel [33, 35] to the point that hMSCs have been investigated for their ability to deliver and release paclitaxel into tumor sites [35, [40] [41] [42] . We showed, via Western blot analysis, that untreated hMSCs do not express P-gp protein and that the presence of Paclitaxel did not induce its expression. This is in contrast to cancer stem cells, which constitutively express high levels of Pgp [43] . Moreover, the lack of induced P-gp expression is curious as simple Paclitaxel conditioning experiments have generated several resistant cell lines that produce high levels of P-gp from sensitive parental lines that produce little to no P-gp [44] [45] . These experiments often require no more than culturing cells in stepwise increasing Paclitaxel concentrations. Thus, hMSC resistance to Paclitaxel does not appear to depend on P-gp expression, providing evidence that hMSCs possess alternative means of resistance.
Given the apparent induction of quiescence in hMSCs upon Paclitaxel treatment evidenced by cessation of proliferation and increased GAS-1 expression, and the fact that procession through M phase of the cell cycle is critical for Paclitaxel efficacy [19, 46] , it is possible that the hMSCs are utilizing cell cycle regulation to escape the apoptotic effects of Paclitaxel (Fig 6) . Mesenchymal stem cells are normally long-lived cells that can readily enter and exit quiescence depending on external signals [47] . Moreover, blockage of the cell cycle at either G1 or G2 has been shown to greatly reduce the apoptotic effects of Paclitaxel in cancer cells [48] . Cancer sub-populations have also been shown to evade the effects of Fluorouracil (5FU) by entering a similar state of quiescence [49] . Therefore, the ability to regulate the cell cycle may be a factor in hMSC resistance to Paclitaxel.
Conclusion
In this study we investigated the effects of Paclitaxel treatment on human mesenchymal stem cells (hMSCs). We found that Paclitaxel abolished hMSC proliferation without affecting viability and that Paclitaxel resistance may be due to regulation of the cell cycle and not the expression of P-glycoprotein (P-gp). Additionally, we observed that Paclitaxel treatment may induce hMSCs to adopt a fibroblastic-like phenotype based on changes to expression of distinguishing gene markers, morphology, and a reduction in differentiation potential that does not appear to be directly coupled to cytoskeletal effects of Paclitaxel.
